Oki Island is located between Japan and Korea along the Tokai-To-Kamioka (T2K) baseline. The distance from J-PARC to Oki Island is about 653km, which is twice that of the T2K experiment (L = 295km). When the off-axis angle of the neutrino beam from J-PARC is 3.0 • (2.0 • ) at Super-Kamiokande (SK), the off-axis beam (OAB) with 1.4 • (0.6 • ) reaches at Oki Island. We examine physics case of placing a far detector in Oki Island during the T2K experimental period. We estimate the matter density profile along the Tokai-to-Oki baseline by using recent seismological measurements. For a detector of 100 kton fiducial volume and 2.5 × 10 21 POT (protons on target) exposure for both ν µ andν µ beams, we find that the mass hierarchy pattern can be distinguished at 3 σ level if sin
Introduction
Since the neutrino oscillation was first observed at Super-Kamiokande (SK) [1] , many experiments have measured the physics parameters of the neutrino oscillation [2] - [12] .
Some of these experiments observe the survival probability of ν µ andν µ which are generated in the atmosphere by the cosmic ray [2] . Accelerator based long baseline experiments [3, 4, 5] also measure the ν µ survival probability. From the combined results of these experiments [2] - [5] , the mass-squared difference and the mixing angle are obtained as 
The sign of the mass-squared difference, eq. (1b), cannot be determined from these experiments. The SK collaboration also reported that the atmospheric neutrinos oscillate into active neutrinos [6] .
The combined results of the solar neutrino observations [7, 8] , which measure the survival probability of ν e from the sun, and the KamLAND experiment [9] , which measure theν e flux from the reactors at distances of a few 100 km, find sin 2 2θ SOL = 0.852 
where the sign of mass-squared difference has been determined by the matter effect inside the sun [13] . The SNO experiment determined that ν e from the sun changes into active neutrinos [8] . For the reactor experiments, which measure the survival probability ofν e from the reactor at distances of L ∼ O(1) km [10, 11] , the CHOOZ experiment observed no signal, giving sin 2 2θ RCT < 0.17 ,
for δm Figure 1 : The surface map of the T2K, T2KO, and T2KK experiment. The yellow blobs show the center of the neutrino beam for the T2K experiment at the sea level, where the number in the white box is the off-axis angle at SK.
in which the red lines denote the baselines for each experiment and the yellow blobs show the center of the neutrino beam from J-PARC at the sea level, when the off-axis angle at SK is 2+ B e 2 sin ∆ 13 + C e , (22) where we retain both linear and quadratic terms of ∆ 12 and a 0 . The analytic expressions for the correction terms A e , B e and C e are found in Ref. [30] . For our semi-quantitative discussion below, the following numerical estimates [30] .
The term C e is relevant only when the ν µ → ν e oscillation probability is very small [30] .
The first term in A e in eq. (23a) is sensitive not only to the matter effect but also to the mass hierarchy pattern, since ∆ 13 ∼ π for the normal while ∆ 13 ∼ −π for the inverted hierarchy around the oscillation maximum. For the normal (inverted) hierarchy, the magnitude of the ν µ → ν e transition probability is enhanced (suppressed) by about 10% at Kamioka, 24% at Oki Island, and 37% at L ∼ 1000 km in Korea, around the first oscillation maximum, |∆ 13 | ∼ π. When L/E ν is fixed at |∆ 13 | ∼ π, the difference between the two hierarchy cases grows with L, because the matter effect grows with E ν . Within the allowed range of the model parameters, the difference of the A e between SK and a far detector at Oki or Korea becomes 
where the upper sign corresponds to the normal, and the lower sign for the inverted hierarchy. The hierarchy pattern can hence be determined by comparing P νµ→νe near the oscillation maximum |∆ 13 | ≃ π at two vastly different baseline lengths [26] - [30] , independently of the sign and magnitude of sin δ MNS . In eq. (23b), it is also found that the first term in B e , which shifts the oscillation phase from |∆ 13 | to |∆ 13 + B e | = |∆ 13 | ± B e , is also sensitive to the mass hierarchy pattern. As in the case for A e , the difference in B e between SK and a far detectors is found to be 
where the upper sign is for the normal, and the lower sign for the inverted hierarchy. This implies that the mass hierarchy pattern can also be discriminated by measuring the neutrino energy of the first oscillation maximum at two different baseline lengths. As in the case of the oscillation amplitude above, this determination can be made independent of the unknown cos δ MNS terms since they cancel in the differences, eq. (25) .
Once the sign of ∆ 13 is fixed by the terms linear inρ, the terms linear in ∆ 12 , which appear as those proportional to |∆ 13 | ∼ 30∆ 12 in eq. (23) , allow us to constrain sin δ MNS via the amplitude A e , and cos δ MNS via the phase shift B e . Therefore, δ MNS can be measured uniquely once the mass hierarchy pattern is determined. From the above discussions, we understand qualitatively why the mass hierarchy as well as both sin δ MNS and cos δ MNS can be determined uniquely by observing the ν µ → ν e oscillation probability around the first oscillation maximum at two vastly different baseline lengths. Therefore, in order to take advantage of this very efficient mechanism to determine all the main unknowns of the three neutrino model, one should arrange for high neutrino flux both at near and far detectors around the first oscillation maximum which appears at the same energy-to-baseline-length ratio,
for |δm ∼ 0.55GeV) at SK and ∼ 0.5 [26, 27] . Since the baseline length of L ∼ 653km to Oki Island is about a factor of two longer than L ∼ 295km for T2K, we may also expect that a beam with smaller off-axis angle at Oki Island will enhance its physics capability; see, however, discussions in section 6.
The oscillation probabilities for the anti-neutrino, P (ν α →ν β ), are obtained from the expressions for P (ν α → ν β ) by reversing the sign of the matter effect term, (ρ → −ρ), and that of δ MNS , (δ MNS → −δ MNS ). The differences in the shift terms A e and B e for ν µ → ν e andĀ e andB e forν µ →ν e oscillation probabilities are, respectively,
where the upper sign should be taken for the normal and the lower sign for the inverted hierarchy. From eq. (27a), the difference of the amplitude between ν e andν e appearance probability grows with the baseline length with the opposite sign for the normal and inverted hierarchies. The dependence on sin δ MNS is also strong since A e andĀ e changes in the opposite direction when we vary sin δ MNS . The phase-shift term B e andB e also change sign in the opposite direction for the normal and inverted hierarchies, whose sign is independent of cos δ MNS because of the smallness of the cos δ MNS dependence in eq. (27b). By the same token, the use of both ν µ andν µ beams does not improve significantly the measurement of cos δ MNS . Because these sign changes occur independently of the L-dependence of the oscillation probabilities, the physics potential of the T2KO experiment will be improved by dividing the total exposure time to neutrino and anti-neutrino beams just as in T2KK [30] . It is worth noting here that all the formalism presented in this section should be useful for studying physics potential of T2K plus NOvA [34] , whose baseline length of L ≃ 810 km lies between those of Tokai to Oki Island (L ≃ 653 km) and to Korea (L ∼ > 1000 km).
T2K, T2KO, and T2KK baselines
In this section, we study the matter profile along the baselines between J-PARC and Kamioka, Oki Island, and Korea by referring to recent seismological measurements [35] - [42] . We also show the relation between the off-axis angles at SK and Oki Island, and the beam profiles for the relevant off-axis angles [43] .
Matter profile along the baselines
Because Oki Island is placed just at the middle point between SK and the east shore of Korea along the T2K beam, as shown in Fig. 1 , the cross section view of the T2K, T2KO, and T2KK experiments along the baselines can be shown on one frame as in Fig. 2 . The horizontal axis of Fig. 2 gives the distance from J-PARC along the arc of the earth surface and the vertical axis denotes the depth below the sea level. Three curves show the baselines from the J-PARC to SK (L = 295Km), Oki Island (L = 653km) and to the Korean east shore at L = 1000km. The numbers in the white boxes are the average matter density of the layer in units of g/cm 3 .
If we assume that the matter density in each layer of the earth crust as shown in Fig. 2 has the value equals to the quoted average, we can estimate the average matter densityρ along the three baselines:ρ
ρ T2Kr(1000km) = 2.90 g/cm 3 .
(28c) Figure 2 : The cross section view of the T2K, T2KO, and T2KK experiments along the baselines, which are shown by the three curves. The horizontal scale gives the distance from J-PARC along the arc of the earth surface and the vertical scale measures the depth of the baseline below the sea level. The numbers in the white boxes are the average matter density in units of g/cm 3 [35] - [42] .
The error of these average density can be estimated from the uncertainty of the matter density in each region and the location of the boundary of each layer. They are measured by using the velocity of the seismic wave in most geophysical researches. From the uncertainty in the correlation between the matter density and the measured p-wave sound velocity [42, 30] , we adopt 6% overall error for the matter density. Small fluctuation in the matter density in each layer of the earth crust does not affect the neutrino oscillation probabilities significantly, because the contribution from the higher Fourier modes of the matter density distribution is strongly suppressed [44, 30] . The locations of the boundaries are measured rather accurately from the reflection point of the seismic wave. From Fig. 2 , we find that the neutrino beam for the Tokai-to-Oki baseline goes through the upper crust layer with ρ = 2.8g/cm 3 , except when it crosses Fossa Magna filled with sediment. The uncertainty of the boundary depth between the sediment layer and the upper crust is only a few hundred meters. The error from the uncertainty of the boundary depth can hence be safely neglected for the T2KO experiment. The traveling distance in the mantle and the crust depends on the depth of the boundary between the lower crust and the upper mantle for the T2KK experiment. The average matter density is sensitive to the boundary location for the baseline of L ∼ 1000 km, because the baseline almost touches the mantle as can be seen from Fig. 2 . The resulting uncertainty has been estimated and is found to be significantly smaller than the 6% overall uncertainty [30] . We therefore use the average matter density along each baseline given in eq. (28) to estimate the oscillation probability and assign its overall uncertainty of 6% in this study. Figure 3 : The relation among the off-axis angles at SK, Oki Island, and at a far detector in Korea (L = 1000km, 1100km, and 1200km). The horizontal axis gives the off-axis angle at SK and the vertical axis is that at the far detector locations. The purple line shows the off-axis angle at Oki Island. The red, blue, and black lines are the smallest off-axis angle at L = 1000km, 1100km and 1200km, respectively. The points corresponding to the purple circles and black squares are used in our numerical analysis. Figure 3 shows the relation among the off-axis angles of the neutrino beam from J-PARC observable at SK, Oki, and a far detector in Korea (L = 1000km, 1100km, and 1200km). The horizontal axis gives the off-axis angle at SK and the vertical axis gives the corresponding off-axis angles at far detector locations. The purple line shows the off-axis angle at Oki Island, which grows as that at SK is increased, because both SK and Oki Island is located in the east (upper) side of the beam center of the T2K neutrino beam; see Fig. 1 . The red, blue, and black lines are the smallest off-axis angle observable in Korea at L = 1000km, 1100km, and 1200km, respectively. In contrast to the Oki Island case, the off-axis angle at Korea decreases as that at SK grows, because Korea is in the west (lower) side of the beam center, also as shown in Fig. 1 . The points corresponding to the purple circles and black squares in the figure are used in our numerical analysis in the following sections. In Fig. 4 , the beam profiles of the three off-axis beams (OAB) with 2.0 • , 2.5 • , and 3.0
Off-axis angles and beam profiles
• off-axis angles at SK are shown at SK, Oki Island (three purple circles in Fig. 3 ) and at L = 1000km in Korea (three black squares in Fig. 3 ), together with the ν µ → ν e and ν µ →ν e oscillation probabilities as functions of the neutrino energy, E ν in units of GeV. The left column panels are for the ν µ focusing beam and the right column ones are for thē ν µ focusing beam. The upper three rows, (a1)- (a3) and (b1) Fig. 1 . This may call upon the possibility of locating detectors both in Oki and in Korea, where both detectors observe exactly the same OAB around the off-axis angle of
The lower two rows in Fig. 4 show the ν µ → ν e (ν µ →ν e ) oscillation probability in the left (right) column, for the normal hierarchy, (P1) and (P3), and for the inverted hierarchy, (P2) and (P4). The oscillation probabilities are calculated for the average matter densities of eq. (28), and the three-neutrino-model parameters:
with
The plus (minus) sign in eq. (29b) is taken for the normal (inverted) hierarchy, whose predictions are shown in the fourth (bottom) row of Fig. 4 . The red solid line in these panels is the oscillation probability at the SK, the green dashed line is for Oki Island, and the blue dotted line is for a far detector in Korea, at L = 1000 km. From the four plots (P1)∼(P4) in the bottom two rows in Fig. 4 , we find that the first oscillation peak at SK appears at E ν around 0.4 ∼ 0.6 GeV for all the four cases, ν µ vsν µ and for both hierarchies. Since the OAB peaks at around E ν = 0.7, 0.6, and 0.5 GeV for 2.0
• , 2.5
• , and 3.0 • , respectively, as shown by the red solid curves in the first three rows of Fig. 4 , all the OAB at SK between 2.0 • and 3.0
• can observe ν µ → ν e andν µ →ν e oscillations with good efficiency. On the other hand, the oscillation probabilities at Oki Island are high at E ν around 1.0 ∼ 1.4 GeV from the green dashed curves in the bottom two rows, where the flux is slightly small for the 3.0
• OAB at SK, as shown also by green dashed curves in the third row. Finally, at L = 1000 km, the ν µ → ν e andν µ →ν e oscillation probabilities are large at around E ν ∼ 2 GeV, and hence the OAB with 3.0
• at SK is most favorable [26] - [29] . We will confirm the above observations for the whole region of the three neutrino model parameter space in the following sections. (a3) and (b1)- (b3), show the beam fluxes at L = 1 km and the bottom 4 panels, (P1)-(P4), show the ν µ → ν e (ν µ →ν e ) oscillation probability with the input parameters of eqs. (28) and (29) for sin 2 2θ RCT = 0.08 and
• . The first row, (a1) and (b1) gives the beam profile at each far detector for the 2.0
• off-axis beam (OAB) at SK, the second row, (a2) and (b2) is for the 2.5
• OAB at SK, and the third row, (a3) and (b3) is for the 3.0
• OAB at SK. The fourth row, (P1) and (P3), shows the ν µ → ν e andν µ →ν e oscillation probability for the normal hierarchy, respectively, and the bottom row, (P2) and (P4), is for the inverted hierarchy.
Typical event numbers at each detector
In this section, we explain how we estimate event numbers at each far detector.
Event calculation
In order to compare the physics capability of the T2KO experiment and that of T2KK experiment with a far detector at various baseline lengths and OAB's, we adopt the same conditions as those in Refs. [26, 27, 30] : All the detectors at Kamioka, Oki Island, and Korea are assumed to have excellent detection and kinematical reconstruction capabilities for ν µ and ν e Charged Current Quasi-Elastic (CCQE) events within the fiducial volumes of the 22.5 kton at Kamioka (SK) and 100 kton at Oki Island or in Korea. We use the neutrino fluxes of J-PARC beam at various off-axis angles [43] and the CCQE cross sections off water target [45] to compute event numbers as functions of (reconstructed) neutrino energy with the bin width of δE ν = 200 MeV at E ν > 400 MeV. The energy bin width of 200 MeV is chosen to take account of kinematical reconstruction errors due to Fermi motion, resonance production and detector resolutions [29] . We take account of background from secondary beams, such as ν e ,ν e andν µ fluxes for the ν µ focusing beam, but we do not consider other backgrounds including the single π 0 production from the neutral current (NC) events [29] . In other words, the results of our studies show what a perfect detector of a given fiducial volume can achieve with neutrino beams from J-PARC when it is placed along the T2K beam line. Reconstruction efficiency and errors as well as the background rejection capabilities depend on specific detector designs and their studies are beyond the scope of this paper. The number of ν α CCQE events from the ν β flux in the ν µ -focusing beam in the n-th energy bin,
where the suffix "D" denotes the place of the far detector (D=SK, Oki, Kr), ν α,β is neutrino or anti-neutrino flavor (ν α,β = ν µ , ν e ,ν µ ,ν e ), M D is the fiducial mass of each detector (M SK = 22.5 kton and M Oki = M Kr = 100 kton), N A = 6.017 × 10 23 is the Avogadro number, Φ ν β is the ν β flux from J-PARC [43] which scales as 1/L 2 , P ν β →να is the neutrino or anti-neutrino oscillation probability calculated by eq. (15) with the average matter density of eq. (28), and σ CCQE α is the CCQE cross sections per nucleon in water for each flavor type [45] . We also define the event number forν µ focusing beam as
where Φ ν β gives the ν β flux in theν µ focusing beam [43] . Because we only consider the contribution from the secondary neutrino fluxes of the primary beam as the background in this analysis, each e-and µ-like event numbers in the n-th bin are calculated as Figure 5 : Typical event number of the e-like CCQE events for E ν (Eν) > 0.4 GeV at SK (22.5kton) with 3.0 • off-axis angle and 2.5 × 10 21 POT exposure: (a1) and (a2) are for ν µ focusing beam, and (b1) and (b2) are forν µ focusing beam; whereas (a1) and (b1) are for the normal hierarchy, and (a2) and (b2) are for the inverted hierarchy. The results are for sin 2 2θ RCT = 0.08, δ MNS = 0 • , andρ T2K = 2.60 g/cm 3 and the other input parameters of eq. (29) . The red solid line in each panel denotes the total event numbers, the purple dotted line shows theν e →ν e contribution in (a1) and (a2), ν e → ν e in (b1) and (b2), the blue short dashed line gives the sum of the contributions fromν µ →ν e andν e →ν e in (a1) and (a2), that of ν µ → ν e and ν e → ν e in (b1) and (b2), and the green dashed line shows the total background contribution from the secondary beams.
for α = e, µ at each far detector "D" (D=SK, Oki, Kr). We also define the event numbers withν µ focusing beam as
for α = e, µ at each far detector.
SK
The typical event numbers of the e-like CCQE events for E ν (Eν) > 0.4 GeV at SK (22.5 kton) with the 3.0
• OAB and 2.5 × 10 21 POT exposure is shown in Fig. 5 : (a1) and (a2) are for the ν µ focusing, and (b1) and (b2) are for theν µ focusing beam; (a1) and (b1) are for the normal, and (a2) and (b2) are for the inverted hierarchy. These results are for sin 2 2θ RCT = 0.08, δ MNS = 0 • andρ T2K = 2.60g/cm 3 the other input parameters of eq. (29) . In each panel, the red solid line denotes the total event number, which is the sum of the signal events, ν µ → ν e for (a1) and (a2), orν µ →ν e for (b1) and (b2), and the total background from the secondary beams shown by the green dashed line. The purple dotted line shows theν e →ν e contribution in (a1) and (a2), ν e → ν e in (b1) and (b2). The blue short dashed line gives the sum of the contributions fromν µ →ν e andν e →ν e in (a1) and (a2), and those from ν µ → ν e and ν e → ν e in (b1) and (b2). In Fig. 5 , both the signal (red solid minus green dash) and the total (red solid) number of events peak in the first bin (400 MeV < E ν < 600 MeV), because both the 3.0
• OAB fluxes and the oscillation probabilities are largest in the region; see Fig. 4 , (a3), (P1), and (P2) for ν µ → ν e , (b3), (P3), and (P4) forν µ →ν e . The background levels are higher for theν µ →ν e oscillation experiments than the ν µ → ν e case for both hierarchies. This is partly because of the higher level of the secondary beam fluxes in theν µ focusing beam [43] , and partly because the CCQE cross sections are larger for ν ℓ than theν ℓ (ℓ = µ, e) [45] .
Since the ratio of theν µ →ν e to the ν µ → ν e event numbers is significantly larger for the inverted hierarchy than that for the normal hierarchy case in Fig. 5 , one may be tempted to conclude that the neutrino mass hierarchy can be determined by using both ν µ andν µ focusing beams at T2K. This is not the case since the same trend can be expected for sin δ MNS ∼ −1, as can be seen clearly from eq. (27a). Figure 6 shows the typical event numbers for the e-like CCQE event at Oki Island (L = 653 km), where we suppose to place a 100 kton fiducial volume detector. The results are for 2.5 × 10 21 POT at J-PARC for both ν µ andν µ focusing beam at the off-axis angle of 1.4
Oki Island
• , which corresponds to the 3.0
• OAB at SK, as shown in Fig. 3 . We use eqs. (29) and (30) for physics parameters and eq. (28b) for the average matter density to generate these event numbers. The left two panels in Fig. 6 , (a1) and (a2), are for the ν µ focusing beam, while the right two panels (b1) and (b2) are for theν µ focusing beam. The top two panels, (a1) and (b1), are for the normal mass hierarchy, and the bottom two panels, (a2) and (b2), are for the inverted mass hierarchy. The line types are the same as in Fig. 5 , the red solid lines give the total event numbers, the green dashed lines are the sum of all the background events from secondary beams, the blue short dashed lines give the sum of ν µ →ν e andν e →ν e for the ν µ focusing beam, that of ν µ → ν e and ν e → ν e for theν µ focusing beam. The purple dotted lines shows the contribution from ν e → ν e (ν e →ν e ) for ν µ (ν µ ) focusing beam. As in the case of SK shown in Fig. 5 , the background from the secondary beam contributions are higher for theν µ focusing beam than those for the ν µ focusing beam.
In Fig. 6 , we find that the first oscillation peak appears at around 1.0 GeV at Oki Island for all the four cases. The peaks at E ν ∼ 1 GeV in the event numbers are obtained by the convolution of the oscillation probability, whose first peak is located around E ν ∼ 1.2 GeV for the normal or slightly above 1 GeV for the inverted hierarchy, as shown in Fig. 4 (P1)-(P4), and the 1.4
• OAB fluxes that have a peak at around 0.8 GeV in Fig. 4 (a3) and (b3), as shown by green dashed lines. The difference between the normal and inverted hierarchy is larger than that of the T2K experiment. One can observe the second peak in the 400∼600 MeV bin for the normal hierarchy case, (a1) and (b1), but not for the inverted case. This is because the matter effect to the oscillation phase, the term B e in eqs. (22) and (23b), grows with the baseline length L, and shifts the peaks of the oscillation maximum at |∆ 13 + B e | ∼ π, 3π, · · · in the opposite directions; toward higher (lower) energies for the normal (inverted) hierarchy. More accurately speaking, the above phase shift pattern applies for cos δ MNS ∼ 1, as can be read off from eq. (23b), where the matter effect diminishes (enhances) the shift for the normal (inverted) hierarchy. The pattern reverses for cos δ MNS ∼ −1. Likewise, the matter effects on the oscillation amplitudes are also clearly seen: we expect more (less) ν µ → ν e events thanν µ →ν e events around the first oscillation peak when the hierarchy is normal (inverted) as can be seen from eq. (23a). This pattern is enhanced when sin δ MNS ∼ −1 whereas it is diminished when sin δ MNS ∼ 1. 
Korea
In Figs. 7, we show the typical event numbers for e-like CCQE event at a far detector in Korea (L = 1000 km) with a 100 kton fiducial volume detector. The off-axis angle there is chosen to be 0.5 • , which optimized the T2KK performance with the 3.0 • OAB at SK [26, 27, 29] . The results are for sin 2 2θ RCT = 0.8 and δ MNS = 0
• and the parameters of eqs. (29) and (30), with the average matter density of 2.9 g/cm 3 eq. (28c). The panels and the lines types are the same as those in Figs. 5 and 6. The first peak of the event appears at around 1.6 GeV for the ν µ beam for both hierarchies, but that is around 1.8 (1.5) GeV for theν µ beam for the normal (inverted) hierarchy. This is because of the matter effect contribution to the oscillation phase, B e in eq. (23b), andB e obtained from eq. (23b) by reversing the sign ofρ. The magnitude of B e is small for cos δ MNS = 1 in eq. (23b), whereas that ofB e is enhanced. As expected, the sign of the difference B e −B e in eq. (27b) reflects the neutrino mass hierarchy.
Likewise, the difference in the heights of the first oscillation peak is more distinct in Fig. 7 for L = 1000 km then that in Fig. 6 for L = 653 km. As expected, the oscillation amplitude for the ν µ → ν e transition is bigger (smaller) than that for theν µ →ν e transition when the hierarchy is normal (inverted). Although the magnitudes of those enhancement or suppression factor depends on sin δ MNS , as can be seen from eqs. (23a) and (27a), the difference between different baseline lengths among Figs. 5, 6, and 7 depend solely on the mass hierarchy pattern, as expressed in eq. (24).
Analysis method
We introduce a ∆χ 2 function
in order to compare the physics potential of T2K, T2KO, and T2KK experiments quantitatively on the same footing. The first term of eq. (35) gives statistical constraints on the model parameters from the number of the CCQE events in each bin at each detector:
where N input , are generated with eq. (29) for both hierarchies, and for various value of sin 2 2θ RCT and δ MNS . We use the average matter density along each baseline of eq. (28) when we calculate the input event numbers. The event numbers in the fit, (N parameters of the three-neutrino model freely and also by allowing for the systematic errors. We consider the following systematic errors in this analysis. We assign 6% uncertainty to the overall matter density along each baseline,
Although we expect positive correlation among f D ρ , we allow them to vary independently as a conservative estimate. We assign 3% uncertainty in the flux normalization of ν µ and ν µ focusing beam as
respectively, where D=SK, Oki, Kr. We also ignore possible correlations among the flux errors. For the CCQE cross sections of neutrino and anti-neutrinos, we assume common 3% error as
for neutrino and anti-neutrino events, independently, but we take f νµ = f νe = f ℓ and fν µ = fν e = fl because of the e-µ universality. Here also, we neglect the correlation between ν ℓ andν ℓ cross section errors. The systematic error for the fiducial volume of each far detector is also assigned as
Summing up, we take account of 32 systematic uncertainties in terms of which χ 2 sys in eq. (35) is expressed as
There are 
The first two terms are from the present constraints from the KamLAND experiment [9] listed in eq. (2) . In the last term, we assume that the new reactor experiments [16, 17, 23] will measure sin 2 2θ RCT with an uncertainty of 0.01 in the near future. We do not impose the present constraints on |δm 2 13 | and sin 2 2θ ATM given in eq. (1), since the experiments studied in this report will measure them more accurately.
mass hierarchy
In this section, we show physics capability of the T2KO experiment to determine the mass hierarchy and compare it with that of the T2KK [26] - [30] and the T2K 122 experiment. Here by T2K 122 , we examine the option where the additional 100 kton detector is placed in the Kamioka site to make the total fiducial volume 122 kton at L = 295 km, which may be regarded as a small scale version of Hyper-Kamiokande [46] . In Fig. 8 , we show the minimum ∆χ 2 of T2KK, T2KO, and T2K 122 experiment for the (29), as well as the average matter density of eq. (28) along the three baselines. From Fig. 8 , we can tell that the physics potential for the mass hierarchy determination of the T2KK experiment is far better than the other experiments when the combination of 3.0
• OAB at SK and 0.5
• OAB at a far detector in Korea is taken, where the mass hierarchy can be determined by more than 4σ level for all the 8 cases (4 values of δ MNS and both hierarchies). The sensitivity of the T2KK on the mass hierarchy reduces significantly as the off-axis angle at SK is reduced. This is because OAB with small off-axis angle cannot reach Korea when off-axis angle at SK is below ∼ 2.5
• [26, 27] ; see Fig. 3 . For the T2KO experiment, the mass hierarchy can be determined at the 2σ level or higher. This capability does not depend strongly on the off-axis angle at SK, because the beam intensity around the first peak (E ν ∼ 1GeV) at Oki Island does not change much with the OAB at SK, see Fig. 4 . Furthermore, it is clearly shown in Fig. 8 that the T2K 122 experiment does not have any sensitivity to the neutrino mass hierarchy pattern for any combinations of δ MNS and the mass hierarchy. This is essentially because the small differences in the oscillation probabilities between the normal and the inverted hierarchy can easily be compensated by small shifts in the model parameters, such as |δm 2 13 |, sin 2 θ ATM , and δ MNS .
In Fig. 9 , we show the minimum ∆χ 2 of the T2KK, T2KO, and T2K 122 experiment to exclude the wrong mass hierarchy when both ν µ andν µ focusing beams are used, each with 2.5 × 10 21 POT to keep the total exposure the same.
As for the T2KK experiment, shown by the red squares, the improvement is significant especially when δ MNS ≃ 0
• and 90 • , making ∆χ 2 min greater than 20 for all the 8 combinations of δ MNS and sgn(δm 2 13 ), not only for the 3.0
• OAB but also for the 2.5
• OAB at SK [30] . Likewise for the T2KO experiment, shown by green circles, the improvement is most significant at δ MNS = 90
• where the smallest ∆χ 2 min grows from ∼ 4 in Fig. 8 to ∼ 12 in Fig. 9 . This is essentially because the sin δ MNS term in the oscillation amplitude shift A e in eq. (23a) changes sign for theν µ →ν e oscillation as shown in eq. (27a) for the difference A e −Ā e . This helps resolving the entanglement between the sin δ MNS dependence ad the matter effect in the oscillation amplitudes. Significant improvements are also found for δ MNS = 270
• by the same reason. Moderate improvements are found for the δ MNS = 0
• case, • at Oki Island with 2.5 × 10 21 POT for both ν µ andν µ focusing beams. 4, 9, 16, 25, 36, 49 are shown. All the input parameters other than sin 2 2θ RCT and δ MNS are shown in eqs. (28) and (29).
Contours for ∆χ
allowing the T2KO experiment with half-and-half ν µ andν µ beams to resolve the mass hierarchy at 3σ level for the worst case (δ MNS = 0 and normal hierarchy). No significant dependence on the OAB at SK is found. The capability of determining the mass hierarchy pattern by the T2K 122 experiment does not appear even by using both ν µ andν µ beams. The value of ∆χ 2 min stays almost zero, except for just two special combinations; δ MNS = 270
• for the normal hierarchy and
• for the inverted hierarchy. These are the two cases, where the difference between the ν µ → ν e andν µ →ν e oscillation amplitudes, A e −Ā e in eq. (27a) is largest or smallest, respectively, such that variation of the other model parameters cannot account for the difference if the wrong mass hierarchy is assumed. With the same token, ∆χ 2 min exceeds 20 for T2KO or 30 for T2KK (with ∼ > 2.5
• OAB at SK) for these two particular combinations.
So far, we have shown results for sin 2 2θ RCT = 0.8 and 4 representative values of δ MNS ; 0 • , 180
• , and ±90
• . In Fig. 10 , we show the contour plot of the ∆χ 2 min for the T2KO experiment to exclude the wrong mass hierarchy in the whole plane of sin 2 2θ RCT and δ MNS :
The left figure (a) is for the normal hierarchy, whereas the right one (b) is for the inverted mass hierarchy. Since no strong dependence of ∆χ 2 min on the OAB angle is found for T2KO potential in Fig. 10 , we choose 3.0
• OAB at SK, which gives 1.4
• OAB at Oki, as shown in Fig. 3 . The results are for 2.5 × 10 21 POT each for ν µ andν µ focusing beam. Contours in each figure are for ∆χ 4, 9, 16, 25, 36, and 49 . The input parameters other than sin 2 2θ RCT and δ MNS are shown in eqs. (28) and (29), exactly the same as those adopted in Fig. 9 . Accordingly the ∆χ case is found for δ MNS ∼ 0
• for the normal hierarchy, while δ MNS ∼ −135
• for the inverted hierarchy. On the other hand, the discrimination is easiest at δ MNS ∼ −90
• for the normal and at δ MNS ∼ 90
• for the inverted hierarchy, in accordance with the argument presented above for Fig. 9 . In addition, the contour plots Fig. 10 identify another case at δ MNS ≃ 60
for the normal (inverted) hierarchy, where the difference between the right and the wrong hierarchy is large, giving high ∆χ Figure 11 shows the same contour plots as Fig. 10 , but for T2KK with 3.0
• OAB at L = 1000km. Significant increase in the ∆χ 2 min values at T2KK is clearly seen against those in Fig. 10 for T2KO. Now, the wrong mass hierarchy can be excluded at 5σ level for sin 2 2θ RCT > 0.08 (0.09) if the mass hierarchy is normal (inverted).
Because the measurement error is dominated by statistics, we find that the 3σ sensitivity of T2KO with 100 kton detector can be archived with a 40 kton detector for T2KK. The CP phase dependence of the T2KK contours is much weaker than that of the T2KO contours, especially for smaller sin 2 2θ RCT . This is simply because the matter effect terms at L ∼ > 1000 km dominate over the sin δ MNS and cos δ MNS terms, in the correction terms A e and B e ; see eq. (23). (28) and (29). The dotted-lines, dashed-lines, and solid-lines show ∆χ 2 min = 1, 4, and 9 respectively. The shaded region has "mirror" solutions for the wrong mass hierarchy giving ∆χ 2 min < 9.
CP phase
In this section, we investigate the measurement of CP phase δ MNS in the T2KO experiment, as compared to the T2KK and T2K 122 options. In all the cases we adopt 3.0
• OAB at SK, which makes the SK contribution to the measurements exactly the same, and assume 2.5 × 10 21 POT each for ν µ andν µ focusing beam.
We show in Fig (28) and (29) . The allowed regions in the plane of sin 2 2θ RCT and δ MNS are inside of the dotted-, dashed-, and solid-contours at ∆χ 2 min = 1, 4, and 9, respectively. The shaded region has "mirror" solutions for the wrong mass hierarchy giving ∆χ 2 min < 9, as shown by the red solid contours in Fig. 10 . Since the sin 2 2θ RCT = 0.04 input cases are no longer relevant after the measurements eqs. (7) and (8) by DayaBay [17] and RENO [23] , respectively, the only parameter regions where we should worry about the mirror solution with the wrong hierarchy are around δ MNS ≃ 0 • at sin 2 2θ RCT ≃ 0.08 for the normal hierarchy, and around
• at sin 2 2θ RCT ≃ 0.08 for the inverted hierarchy. Since these regions are near the 3σ boundary, the mirror solutions may be excluded by extending the experimental period or by enhancing the beam power. The sin 2 2θ RCT = 0.04 input cases are kept, since they
show the independence of the δ MNS measurement error on sin 2 2θ RCT clearly. As explained Figure 13 : The same as Fig. 12 , but for T2KK experiment with 3.0 • OAB at SK and 0.5
in Ref. [26, 27] , this independence is a consequence of the 1/ sin 2 2θ RCT enhancement of the sin δ MNS and cos δ MNS dependencies in A e and B e , respectively, in eqs. (23a) and (23b), which cancels precisely the statistical error which is proportional to sin 2 2θ RCT , or the square-root of the ν µ → ν e andν µ →ν e event numbers. It is clearly seen that δ MNS can be measured with ±20
• error for all the 24 cases presented in Fig. 12 (a) and (b). This is essentially because the magnitude of the coefficient of sin δ MNS in the amplitude shift in eq. (23a) and that of cos δ MNS in the phase shift in eq. (23b) are approximately equal. It should be noted that the uncertainty in the sin 2 2θ RCT is dictated by the external constraint with the error of ±0.01 on the χ 2 function eq. (35) . Because of the nearly zero correlation between the errors of δ MNS and sin 2 2θ RCT in Fig. 12, further improvements in the precise measurements of sin 2 2θ RCT will not reduce the errors of δ MNS significantly. In order to compare the sensitivity of the δ MNS measurement between the T2KO and the T2KK experiments, we show in Fig. 13 the same contours for the T2KK experiment with 3.0
It is clearly seen from the 12 sets of contours, each for normal (left) and inverted (right) hierarchy, that the expected error of δ MNS is ±20
• for all the combinations, just as for the T2KO experiment shown in Fig. 12 . This is remarkable since the event number at a far detector in Korea at L ≃ 1000 km is significantly smaller than that in Oki at L = 653 km because of the flux which decreases as 1/L 2 at long distances. This decrease the overall flux is compensated by the wide-band structure of the 0.5 • OAB as shown by blue dotted lines in Fig. 4 (a3) and (b3), which enables the far detector in Korea to observe not only the first oscillation peak but also the second one as in Fig. 7 . Around the second peak, |∆ 13 /π| ∼ 3, and the sensitivity to sin δ MNS and cos δ MNS can be three times higher than the first peak with |∆ 13 /π| ∼ 1; see eqs. (23) and (27) . In addition, the extended energy range covered by the 0.5
• OAB allows the T2KK experiment to measure the phase-shifts B e andB e accurately, and hence cos δ MNS ; see eqs. (23b) and (27b). Indeed, we notice in (29) and (28) . The red dotted-lines, dashed-lines, and solid-lines show ∆χ 2 min = 1, 4, and 9 contours, respectively, when the right mass hierarchy is assumed in the fit, whereas the blue contours give ∆χ 2 min measured from the local minimum value (shown besides the × symbol) at the cross point when the wrong hierarchy is assumed in the fit. Fig. 13 (a) and (b) that the error of δ MNS can be as small as ±15
• when δ MNS = 0
Finally in Figs. 14 and 15, we show the allowed regions by the T2K 122 experiment in the plane of sin 2 2θ RCT and δ MNS for the normal (Fig. 14) and the inverted (Fig. 15) input RCT = 0.04, 0.08, 0.12, just as in Fig. 12 for T2KO and Fig. 13 for T2KK. The other input parameters are also the same, taken from eqs. (28) and (29) . The red dottedlines, dashed-lines, and solid-lines show ∆χ 2 min = 1, 4, 9 contours, respectively, when the right mass hierarchy is assumed in the fit, whereas the blue contours gives ∆χ 2 min measured from the local minimum at the blue cross point when the wrong hierarchy is assumed in the fit.
The local minimal value of ∆χ 2 min at the blue cross point is given besides the cross mark in the corresponding input sin 2 2θ RCT column. As has been explained in section 6
and shown in Fig. 9 , the local ∆χ 2 min values are significant only for δ MNS ≃ −90
• when the hierarchy is normal (Fig. 14 (d) ), and for δ MNS ≃ 90
• when the hierarchy is inverted (Fig. 15 (b)). In order to show the location of the input parameters clearly, we show the global minimal point by the red solid blob for each input parameter case. The global minimum gives ∆χ 2 min = 0 in our analysis which ignores fluctuations in the mean number of events in each bin.
We first note that δ MNS can be constrained uniquely around the above two specific cases (δ MNS ≃ −90
• for m Fig. 15 (b) , but also the wrong hierarchy assumption favors the right δ MNS , with slightly larger (smaller) fitted sin 2 2θ RCT that compensate for the matter effect for the normal (inverted) hierarchy. The 1σ error shown by the red dotted contour is rather large, however, about ±35
• . In all the other cases, the presence of the wrong hierarchy solutions as shown by blue contours significantly reduce the capability of measuring δ MNS with T2K 122 . More importantly, even if we can remove the wrong hierarchy by other experiments such as Nova [34] , the next generation reactor neutrino oscillation experiments [47] , or by an atmospheric neutrino observation with a huge detector [48, 49] , the T2K 122 experiment with only one baseline length cannot measure δ MNS with high accuracy when δ MNS ≃ ±90 
summary
In this paper, we examine physics potential of a one-beam two-detectors neutrino oscillation experiment with an additional 100 kton waterČerenkov detector in Oki Island, which is located along the T2K beam line at the baseline length of L = 653 km. Together with Super-Kamiokande (SK) at L = 295 km, we can measure neutrino oscillations at two different energies for the same oscillation phase proportional to L/E. We may call this proposal as T2KO (Tokai-to-Kamioka-and-Oki), whose capability has been compared with T2KK (Tokai-to-Kamioka-and-Korea) with L ≃ 1000 km for the far detector in Korea, and also with T2K 122 where the same 100 kton detector is placed at the SK site (L = 295 km).
As shown in Fig. 1 , since the Oki Island is located in the east side of the T2K beam center, just like the SK, the off-axis angle at Oki Island increases as that at SK increases, as shown in Fig. 3 . The off-axis beam (OAB) with 1.4 • , 0, 9
• , and 0.6
• from J-PARC can be observed at Oki Island, when the 3.0 • , 2.5
• , and 2.0
• OAB reaches at SK, respectively.
The neutrino energy of the first oscillation maximum for the P (ν µ → ν e ) and P (ν µ →ν e ) is between 1.0 GeV and 1.5 GeV, which depend on the CP phase and the mass hierarchy pattern, at L = 653 km. Since the ν µ (ν µ ) beam between 0.6 • and 1.4
• off-axis angles has significant intensity around these energies, as shown by green dashed lines in the upper six panels in Fig. 4 , we expect that the T2KO experiment can be sensitive to the neutrino mass hierarchy and the CP phase, just like the T2KK experiment [24] , [26] - [30] . For a detector of 100 kton fiducial volume and 2.5 × 10 21 POT exposure each for both ν µ andν µ beams, we find that the T2KO experiment can determine the mass hierarchy pattern at 3σ level if sin 2 2θ RCT = 4|U e3 | 2 (1 − |U e3 | 2 ) is larger than 0.09, by observing the e-like CCQE (Charged-Current Quasi Elastic) events; see Fig. 10 . This result does not strongly depend on the off-axis angle of the ν µ (ν µ ) beam at Oki Island, because the neutrino intensity at the first oscillation maximum does not strongly depend on the offaxis angle at Oki Island. The T2KO sensitivity to the mass hierarchy is about 1/3 (in ∆χ 2 min ) of the T2KK experiment with the optimum OAB combination of 3.0
• at SK and 0.5
• at a far detector in Korea with the baseline length around 1000 km. This is because the factor of two higher sensitivity of the T2KK over the T2KO experiment as shown by eqs. (24) and (25), which should give a factor of 4 in ∆χ 2 min is partially compensated by the smaller average flux by a factor of (635 km/1000 km) 2 ≃ 0.4 at a far detector in Korea.
